New Properties of High Momentum Distribution of Nucleons in Asymmetric Nuclei. 
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Based on the recent experimental observations of the dominance of tensor interaction in the 
~ 250 — 600 MeV/c momentum range of nucleons in nuclei, we suggest the existence of two new 
properties for high momentum distribution of nucleons in asymmetric nuclei. The first property is 
the approximate equality between proton and neutron high momentum distributions weighted by 
their relative fractions in the nucleus. The second property is the inverse proportionality of the 
strength of the high momentum distribution of protons and neutrons to the same relative fractions. 
Based on these two properties we modeled the high momentum distribution function for asymmetric 
nuclei and demonstrated that it describes reasonably well the high momentum characteristics of 
the ^He nucleus. However the most surprising result we obtained is for nuclei with large A and 
asymmetry, for which we predict a substantial per nucleon abundance of high momentum protons 
relative to neutrons. For example, we predict that in the Gold the relative fraction of protons with 
momenta above kp ^ 260 MeV/c is 50% more than that of neutrons. Such a situation may have 
many implications for different observations in nuclear physics ranging from medium modification 
of hadrons to properties of neutron stars. 



One of the exciting recent results in studies of short- 
range properties of nuclei is the observation of the strong 
(by factor of 20) dominance of the pn short range corre- 
lations (SRCs), as compared to pp and nn correlations, 
for internal momentum range of~ 250-600 MeV/cdij. 
This observation is understoodfll,[l,|3| based on the dom- 
inance of the tensor forces in the NN interaction at this 
momentum range corresponding to average nucleon sep- 
arations of ~ 1.1 Fm. The tensor interaction projects 
the NN SRC part of the wave function into the isosin- 
glet - relative angular momentum, L = 2 state, almost 
identical to the Z?-wave component of the deuteron wave 
function. As a results pp and nn components of the NN 
SRC will be strongly suppressed since they are mainly 
defined by the central potential of the NN interaction 
with relative L ^ 0. 

High Momentum Distribution of Nucleons in 
Nuclei and 2N SRCs: Due to the short range nature 
of NN interaction, the property of a A-nucleon bound 
state wave function, in which one of the nucleons has 
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momentum p, such that ^ \Eb\ (binding energy), 
is defined mainly by the 2N interaction potential {Vnn) 
at relative momenta k ^ p, i.e.: ^ a{p,P2,P3,, ,Pa) ^ 
^"^i-''^ fiPs, -pa), where p2 ^ -p ~ -k and /(•••) is 
a smooth function of the momenta of non-correlated 
nucleons [B-I3]- This leads to the approximate relation 
for nucleon momentum distribution at p > kp, with kp 
being the characteristic Fermi momentum of the nucleus: 



(1) 



where the momentum distribution of the nuclei is normal- 
ized as J n^{p)(Pp — 1 and the parameter aArjv(^) can 
be interpreted as a probability of finding NN SRC in the 
given nucleus A. The function, nNN{p) is the momen- 
tum distribution of the nucleon in the NN SRCd, H, i- 
[lOj . where NN represents the combination of all possible 
isospin pairs. 



If, following the above discussed dominance of the 
tensor interaction, we neglect the contributions from 
pp and nn SRCs one predicts that in the range of '~ 
kp - 600 MeV/c: 



(2) 



where nd{p) is the momentum distribution in the 
deuteron. 

Let us now define the individual momentum distribu- 
tions of proton {np{p)) and neutron(n^(p)) such that: 
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and / nf/^{p)d^p = 1. Then from Eqs.dlEIHl) it follows 
that if we neglect the contributions from pp and nn SRCs, 
then the high momentum distribution strengths of proton 
and neutron weighted by their fractions in the given nu- 
cleus will be defined by the same probability of being in 
the pn SRC in the relative D state. This brings us to the 
formulation of the first property of the high momentum 
distributions, in ~ fcj? — 600 MeV/c region: 
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where Xn 



^ and Xr, 



A-z 



P ~ A " " -^n — ^ • 

Let us now consider a nucleus as a system consisting 
of two (proton and neutron) components. Because in our 
approximation the NN SRCs are identified only with pn 
correlations, with an increase of the nuclear asymmetry 
when the one component dominates the other, the per 
nucleon probability of lesser component to be in 2N SRC 
will be larger than that of the dominant component. This 
observation allows us to formulate the second property of 
the high momentum distribution: that the probability of 
proton or neutron being in high momentum NN corre- 
lation is inverse proportional to their relative fractions 
(xp or Xn) in the nucleus. Based on this feature, the 
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TABLE I: Fractions of high momentum protons and neutrons 
in nuclei A 

a" Pp{%) P„{%) A Pp(%) Pj%) 

12 20 20 56 27 23 
27 24 22 197 31 20 

Eqs.Q and ^ can be used to construct the high mo- 
mentum {kp < p < 600 MeV/c) distribution of protons 
and neutrons in nuclei in the following form: 

"p/n(p) ~ ^T^— a2(A, y) ■ nd{p) (5) 

where ajvAr(A) « ap„(A, y) = 02(^,2/) and the nuclear 
asymmetry parameter is defined as y — 1 1 — 2xp \ . 

Fractions of High Momentum Component of 
Protons and Nuetrons in Asymmetric Nuclei: The 

most important prediction that follows from the second 
property is that the number of high momentum protons 
and neutrons became increasingly unbalanced with an in- 
crease of the nuclear asymmetry, y. To quantify this 
statement, using Eq.([5]) one can calculate the fraction of 
the nucleons having momenta larger than kp as: 

00 

{A,y) « a2{A,y) / nd{p)d^p, (6) 

where we extended the upper limit of integration to in- 
finity assuming smaller overall contribution from the mo- 
mentum range of > 600 MeV/c. The results of the cal- 
culation of these fractions for medium to h eavy nuclei, 
using the estimates of 02 (A, y) from Ref . |10l-ll4| and kp 
from Ref.[l^ are given in Table HI As it follows from the 
table with the increase of the asymmetry the imbalance 
between the high momentum fractions of proton and neu- 
tron grow. For example, in the Gold the relative fraction 
of high momentum {> kp) protons is 50% more than that 
of the neutrons. 

Checking the High Momentum Features for '^He 
Nucleus: One can check the validity of our observations 
for the ^He nucleus using the exact calculations based 
on the realistic wave functions. For this we use the wave 
function based on the solution of Faddeev equation [l^ 
using Argonne V18[l3| NN potential parameterizations. 

First, we check the validity of Eq.(l4]) which is presented 
in Fig HI Here solid lines with labels "xpUp" and ^^XnPn" 
in FiglIJa) represent proton and neutron momentum dis- 
tributions weighted by factors | and ^ respectively. As 
one can see the proton momentum distribution domi- 
nates the neutron momentum distribution at small mo- 
menta reflecting the fact that in the mean field the prob- 
ability of finding proton is larger than neutron just be- 
cause there are twice as much protons in ^He. However 
at 300 MeV/c proton and neutron momentum distribu- 
tions become close to each other and stay like this up to 



the internal momenta of 600MeV/c. This is the region 
dominated by tensor interaction. 

As it follows from Figlljb) where the ratio of neutron 
to proton momentum distributions is calculated the ap- 
proximation of Eq.(|3]) in the range of 300 — 600 MeV/c 
is good on the level of 15%. 

Next, we check the the validity of Eg. dp. For this 
we use the estimate of a2i^He) from Ref.|14| and the 
deuteron momentum distribution rid calculated using the 
same Argonne V18 NN potential [l3l- The calculation 
based on EqJS]) is given by doted line in FiglTfa). As it 
follows from this comparison the model of Eq. ([S]) works 
surprisingly well starting at 200 MeV/c up to the very 
large momenta ^ IGeV/c. This reflects the fact that the 
center of mass motion effect as well as 3N SRCs are not 
dominant in the ^He nucleus. 
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FIG. 1: (a) The momentum distributions of proton and neu- 
tron weighted by Xp and Xn respectively. The doted hne rep- 
resents the prediction for the momentum distribution accord- 
ing to Eq.((5|. (b) The ratio of neutron to proton momentum 
distributions weighted by Xp and Xn respectively. 

The final prediction which we check, is the one follow- 
ing from Eq.Q according to which the neutron is more 
energetic in '^He than the protons. For this we calcu- 
late the average kinetic energy and momentum of bound 
proton and neutron using the realistic wave function 
which yields: 

< E^„^ >= 18.4 Mev and p'^„,, = 186 MeV/c 

< ep^^ >= 13.7 MeV and pP„^^ = 160 MeV/c 

(7) 

Thus we conclude that all the observations concerning 
to the features of high momentum distribution in asym- 
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metric nuclei is in reasonable agreement with the results 
following from the realistic ^He wave function. This gives 
us some confidence that the same observations should be 
valid also for asymmetric nuclear with large A. 

Restriction of the Model: In the the above made 
observations we neglected by the pp and nn SRCs as 
well as considered the pn correlations at rest neglecting 
their center of mass motion. However it is rather well 
established that in the momentum range of kp < p < 
600 MeV/c the center of mass of the NN SRC moves 
in the mean field of the A-2 system with the momen- 
tum distribution that has a width proportional to kp or 
more precisely to he RMS value of the single nucleon 
momentum 0, [l^. This effect will clearly alter the 
predicted approximate equality in Eq.Q since its valid- 
ity is based on the assumption that the pn SRCs are in 
the Z?-state in the Lab frame of the nucleus (SRC at rest 
approximation, |pp/„| ~ fc, see discussion before Eq.(IT])). 
However due to the mean field character of the center of 
mass motion it will affect equally the momentum distri- 
butions of proton and neutron in NN SRC. As a result 
one expects the validity of modified relation: 

x;-n^{p)^xl-n^{p). (8) 

where 7 = j{kp) < I, with 7 decreasing with an increase 
of A (or kp). The same 7 factor will enter also in the 
high momentum part of the momentum distribution of 
the protons and neutrons 

np/nip) ~ J^a2iA,y) ■ ridip), (9) 

p/n 

which will diminish somewhat the imbalance between 
high momentum protons and neutrons presented in Ta- 
ble 1. One also expects a qualitatively similar effect due 
to pp and nn SRCs since they too will have an equal effect 
on the proton and neutron momentum distributions. 

Implications of the Observed Features: The im- 
plications of above made observations are rather wide 
ranging, from the EMC effects to the proton properties 
in neutron stars. These observations also open up a new 
possibilities in studies of the high momentum component 
of nuclei with large A and asymmetry y. 

-For example; combining three following observations: 
(i) nuclear medium modification of parton distribution 
functions (EMC effect) are proportional to the virtu- 
ality (high momentum) of the bound nucleon (see e.g. 
[1, HO; El ) ; (ii) the high momentum protons dominate in 
nuclei with large A and y (this article) and; (iii) the deep 
inelastic structure function of proton dominates that of 
the neutron at XBjorken > 0.3 (see e.g. [12]) one can 
conclude that the EMC effects for large A asymmetric 
nuclei will be defined mainly by the proton component 
in the nucleus. This may explain [HI the large A part of 
the recently observed correlation between the strengths 
of the EMC and SRC effects [H HI]. 

Prediction of the enhanced contribution of protons into 
the EMC effect indicates that in average the it-quarks will 



be more modified than d-quarks in large A asymmetric 
nuclei and the effect will grow with an increase of A. This 
may provide an alternative explanation of the NuTeV 
anomalv [26l [27| . The predicted effect also can be checked 
in parity violating deep inelastic scattering off the heavy 
nuclei. 

- The discussed new features of the high momentum 
component will have significant impact on the proton dis- 
tribution in neutron stars [l4j. where one expects a^p ~ | 
and y -^^ For example in Ref.fT3| it was observed 
that starting at three nuclear saturation densities, pro- 
tons will predominantly populate the high momentum 
part of the momentum distribution. This may have im- 
plication for several properties of neutron stars such as 
cooling through the direct URCA processes, superfiuidity 
of protons, the magnetic field of the stars as well as the 
distribution of protons in the core of the massive neutron 
stars. 

- Another possible implication of the high momentum 
protons in large A nuclei is that the volume occupied 
by protons will be smaller than the volume occupied by 
neutrons. This will create a new condition for formation 
of the neutron skin for large A asymmetirc nuclei. 

Summary and Conclusions: Based on the dom- 
inance of the tensor forces in the NN system for mo- 
mentum range of ^ kp — 600MeV/c we observe a new 
equality relation between high momentum distributions 
of proton and neutron weighted by their fractions in the 
nuclei (Eq|31). Using this relation together with the fact 
of the dominance of pn SRCs in the high momentum 
part of the distribution function, we arrive at the sec- 
ond observation, according to which the strengths of the 
high momentum component of the proton and neutron 
are inverse proportional to the fractional contribution Xp 
and Xn- Based on these observations we constructed the 
high momentum distributions of protons and neutrons for 
asymmetric nuclei and using them estimated the overall 
fraction of nucleons being in the high momentum part of 
the momentum distribution. 

Validity of our observations are confirmed by direct 
calculations using realistic wave function of ^He. 

We also observe that the effects due to center of mass 
motion of NN SRCs as well as contributions from pp 
and nn correlations will diminish the estimated imbal- 
ance between high momentum protons and neutrons in 
asymmetric nuclei. Thus we expect that our estimates 
represent the upper limit of such imbalance. 

Our main conclusion for large A and asymmetry nuclei 
is that the high momentum distribution is dominated by 
protons. This dominance may have multitude of impli- 
cations, some of which we discussed in the text. 

It is worth noting that realistic nuclear structure cal- 
culations that can systematically incorporate short range 
correlations for asymmetric nuclei(see e.g. [2^, [2^) are 
able to check the predictions of Eas. (|8l9|) as well as evalu- 
ate the 7 factor as a function of fc^?. Experimentally, they 
can be checked in semi-inclusive high momentum transfer 
(e,e'N) reactions on asymmetric nuclei at xsjorken > 1 
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and Ip^I - ^{Ejn + 2mI~[) > where p™, E^, qo and 
gi, are missing momentum, missing energy, transferred 
energy and transferred momentum in the reaction (see 
e.g. Ref.[33,|3ll for details). 
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